We directly demonstrate quantum-confined direct band transitions in the tensile strained Ge/SiGe multiple quantum wells grown on silicon substrates by room temperature photoluminescence. The tensile strained Ge/SiGe multiple quantum wells with various thicknesses of Ge well layers are grown on silicon substrates with a low temperature Ge buffer layer by ultrahigh vacuum chemical vapor deposition. The strain status, crystallographic, and surface morphology are systematically characterized by high-resolution transmission electron microscopy, atomic force microscopy, x-ray diffraction, and Raman spectroscopy. It is indicated that the photoluminescence peak energy of the tensile strained Ge/SiGe quantum wells shifts to higher energy with the reduction in thickness of Ge well layers. This blue shift of the luminescence peak energy can be quantitatively explained by the direct band transitions due to the quantum confinement effect at the point of the conduction band.
Introduction
An efficient light emitter on silicon compatible with silicon processing technology is one of the key components in Sibased photonic integrated circuits. A promising strategy for photonic integrated circuits is to use the same active material to make complementary metal-oxide-semiconductor field effect transistors (CMOS) and photonic devices on silicon substrates. Ge-on-Si is such an interesting platform due to its high carrier mobility, quasi-direct band gap behavior and its compatibility with silicon technology [1, 2] . The Ge direct-to-indirect band separation is only 140 meV at room temperature and can be further reduced by tensile strain, which has stimulated more interest to pursue Ge direct band gap emission [3] [4] [5] . Liu et al observed room temperature photoluminescence from 0.25% tensile strained n-type Ge with high doping concentration [6] . Lim et al reported enhanced direct band gap emission from a Ge ring resonator [7] .
Ge/SiGe multiple quantum wells (MQWs) with Gerich barriers have attracted more attention because their optical properties are expected to exhibit close analogies to those of direct-gap semiconductors. In 1994, Yaguchi et al demonstrated quantum confinement in SiGe/Ge multiple quantum wells grown on Ge substrates by photoreflectance spectroscopy at 120 K [8] . Very recently, a strong quantum Stark effect associated with the direct band transition has been observed in compressively strained Ge/SiGe MQWs on relaxed Ge-rich SiGe buffers by photocurrent and transmission spectroscopy and electro-absorption modulators based on this effect have also been demonstrated [9] [10] [11] . In addition, low temperature photoluminescence related to the direct band transition in compressively strained Ge/SiGe MQWs on relaxed Ge-rich SiGe buffers has been observed [12] . As mentioned above, only compressive or fully relaxed Ge quantum wells prepared on relaxed SiGe buffers or bulk Ge substrates have been studied so far. However, in order to efficiently reduce the direct-to-indirect band separation in the Ge well, tensile strain in the Ge well layers is preferable. Fortunately, the tensile strained Ge epilayer can be prepared on a silicon substrate during cooling processes from elevated growth temperature to room temperature due to the thermal expansion coefficient mismatch between Si and Ge. In this way, we have prepared tensile strained Ge virtual substrates and Ge/SiGe MQWs on them, and room temperature photoluminescence from the structures has been observed [13] . For further light emitting device design, it is necessary to systematically characterize the tensile strained Ge/SiGe structures and quantitatively study the dependence of the optical properties on the material parameters in detail.
In this paper, samples of tensile strained Ge/SiGe MQWs with various thicknesses of Ge well layers were grown on Si substrates by ultrahigh vacuum chemical vapor deposition. The strained Ge/SiGe MQWs on silicon substrates were characterized by high-resolution transmission electron microscopy (HRTEM), atomic force microscopy (AFM), x-ray diffraction (XRD), Raman spectroscopy, and room temperature photoluminescence (PL). The room temperature direct band PL from these samples shows a strong quantum confinement effect, which is in good agreement with the theoretical prediction.
Experimental details
The samples were grown on 10 cm diameter n-type (001) Si wafers with a resistivity of 0.1-1.2 cm by a cold-wall ultrahigh vacuum chemical vapor deposition system, with a base pressure of 3 × 10 −10 Torr. After standard RCA (Radio Corporation of American) etching and thermal cleaning of the silicon substrate at 850
• C for 30 min, a 300 nm thick Si buffer layer was grown at 750
• C. And then the growth of the structures was divided into two steps. The first part of the structure was a Ge-on-Si virtual substrate, including a 90 nm low temperature Ge seed layer and 350 nm high temperature Ge layer. Details of the growth process of this Ge-on-Si substrate were described in [14] . The second part was Ge/Si 1−x Ge x MQWs with various thicknesses of Ge wells and SiGe barriers grown on the Ge-on-Si virtual substrates at 500-600
• C. Three samples, labeled A, B, and C, consisting of six periods of Ge/Si 1−x Ge x MQW were grown on the Geon-Si virtual substrates with thicknesses of Ge well layers of 11 nm, 12 nm, and 15 nm, respectively. The thicknesses of the SiGe barriers and Ge mole fractions in these layers are evaluated to be 26 nm and 0.82 for sample A and 15 nm and 0.87 for samples B and C by HRTEM, XRD, and/or Raman spectroscopy. The surface morphology of the samples was analyzed by AFM (Seiku Instruments, SPI4000/SPA-400) in a tapping mode. The PL spectra of the samples with Ge/SiGe MQWs were measured at room temperature using a Ar + laser emitting at 488 nm. The excitation beam was focused onto the samples with a spot of about 10 μm in diameter with a power of 25 mW and the emission was detected with an InGaAs detector array cooled by liquid nitrogen.
Results and discussion
The surface morphology of the samples with Ge/Si 1−x Ge x MQWs on silicon substrates measured with AFM is shown in figures 1(a)-(c). It is indicated that with the low temperature Ge buffer layers the surface of all the samples is quite smooth with a root mean square surface roughness in the range of 0.2-0.4 nm within 1 × 1 μm 2 AFM images. Figure 2 depicts the cross-sectional HRTEM images of sample A with six periods of Ge/SiGe MQWs on a Ge-onSi substrate. It indicates that the surface is smooth and few dislocations in the Ge/SiGe MQWs are observed in the TEM images. The perfect lattice match at the Ge/SiGe interface as shown in the inset suggests that the alternating growth of SiGe and Ge layers is pseudomorphic.
In order to determine the strain status and Ge mole fraction in the Ge/SiGe MQWs, the samples were characterized by XRD rocking curves and Raman spectroscopy. Figures 3(a) -(c) show the measured and simulated XRD rocking curves of figure 2 . We simulated the XRD rocking curves based on the dynamical XRD theory to determine the structures of the samples. The strain status, thickness of Ge wells and SiGe barriers, and the Ge mole fraction in the SiGe barrier layers are listed in table 1. The simulated diffraction curves with these parameters are in good agreement with the experimental data as shown in figure 3 . The simulated thickness of Ge wells and SiGe barriers, as well as the Ge mole fraction in the SiGe barrier layers, are in good agreement with the TEM measurements for sample A. The Ge epitaxial layers are under a tensile strain of 0.17% for all of the samples. The Ge mole fraction and tensile strain in the SiGe barrier layers are 0.82 and 1.0% for sample A and 0.87 and 0.71% for samples B and C, respectively. Raman spectra are also used to evaluate the Ge mole fraction in the SiGe barrier layers, as shown in figure 4. In the Raman spectra, the peaks locating at around 292 and 395 cm are from the Ge-Ge mode and Si-Ge mode of the SiGe barriers and the shoulders near 300 cm −1 are from the Ge-Ge mode from pure Ge epilayers. For the samples with higher Ge content (x > 0.5) in the SiGe layers, larger errors would be introduced in the determination of the Ge mole fraction by Ge-Ge and Si-Ge peak positions [15] . The values of Ge mole fraction are then evaluated from the ratio of the integrated intensity between the two peaks of Ge-Ge and Si-Ge modes in this case. The relative integrated intensities of the modes are expected to vary with the Ge mole fraction x as follows [16] :
where the parameter B is tentatively chosen as 1 as there are no available data for higher Ge mole fractions in SiGe alloys at present. The values of Ge mole fraction in the SiGe layers of the samples are then determined as shown in table 1 and are consistent with those evaluated by XRD measurements for all of the samples within the uncertainty of the measurements. The strain in the Ge epilayer arises from the differences in the thermal expansion coefficients and lattice constants between Ge and Si. The dependence of the thermal expansion coefficients of Si and Ge on temperature T can be expressed by [17, 18] 
The thermal expansion coefficient mismatch between Ge and Si induces tensile strain in the Ge layers during the cooling process from elevated growth temperatures to room temperature [19] , while the lattice mismatch between Si and Ge should induce compressive strain in the Ge layers. A combination of these two effects results in Ge epilayers under tensile strain in this case. The smaller lattice constant of the SiGe layer increases the tensile strain in the SiGe layer pseudomorphically grown on the tensile strained Ge-on-Si virtual substrate. Room temperature PL of the samples with tensile strained Ge/SiGe MQWs on silicon substrates was measured with an exciting power of 25 mW at 488 nm wavelength, as shown in figure 5(a) . All of the PL spectra were normalized by the system response. The spectra of the direct band luminescence from all of the samples show broad bands with a distorted shape in the range 0.85-0.92 eV. The distortion of the PL spectra can be attributed to atmospheric water absorption, as reported in [20] . To eliminate the effect of the atmospheric water absorption on the determination of the peak energy, we fit the direct band PL spectra following the processes described in [20] and shown in figure 5(a) as dashed lines. It is clearly shown that the peak energy decreases with the increase of the thickness of Ge quantum well layers.
In order to quantitatively characterize the direct band transition in the Ge well layers, the electronic states and band gap structure are calculated by an effective mass approximation method including the strain effects in the Ge and SiGe layers using the parameters, 0.28m 0 + 0.26(1 − x)m 0 , where m 0 is the free electron mass and x is the Ge content), as described in [3, 10, 11, [21] [22] [23] . A direct band gap value for bulk Ge of 0.816 eV is used in the calculation for the PL peak energy [24] . The calculated band discontinuities of electron, heavy hole, and light hole at the point between the wells and barriers are 270 meV, 158 meV, and 76 meV for sample A and 195 meV, 114 meV, and 60 meV for samples B and C, respectively, due to the difference of Ge mole fraction and strain levels in the SiGe layers [5] . In this case, the spacing between the heavy hole and light hole quantized states is about 2-3 meV for the thickness of Ge quantum wells in the range of 11-15 nm. The calculated direct band transition energy in the Ge/SiGe MQWs from the ground states of the conduction band at the point to the heavy hole valence band (c 1-HH1) due to the quantum confinement effect depending on the thickness of Ge well layers is shown in figure 5(b) , in which the tensile strain induced reduction of direct band gap energy is included. Also shown in figure 5(b) is the fitted PL peak energy from samples A, B, and C, which is in good agreement with the theoretical calculation. These results demonstrate that the room temperature PL originates from the quantum-confined direct band transitions in the tensile strained Ge wells and the peak energy shift is due to the increase of energy separation at the point in the tensile strained Ge/SiGe MQWs. It is suggested that tensile strained Ge/SiGe MQWs on Si substrate are one of the promising materials for Si-based integrated photonic devices.
Conclusion
High crystal quality, tensile strained Ge/SiGe MQWs have been grown on Ge-on-Si virtual substrates by ultrahigh vacuum chemical vapor deposition. Quantum-confined direct band transitions in the tensile strained Ge/SiGe MQWs have been directly demonstrated by room temperature PL. The dependence of the blue shift of luminescence peak energy on the thickness of Ge well layers has been quantitatively explained with the increase of energy separation due to the quantum confinement effect at the point.
